This study investigated the fouling and cleaning behaviors of reverse osmosis (RO) membranes in a lab-scale ultrapure water (UPW) production system via membrane autopsies and characterization of dissolved organic matter (DOM) and membrane foulants. Most of DOM were effectively removed by the MFC filter, with the exception of the peak at 150 Da. The RO membranes were effective in reducing conductivity, DOM, total nitrogen (TN), and ultraviolet A (UVA 254nm ) concentration; the polishing stage using IER filter resulted in ultra-trace levels of all these parameters required for semiconductor manufacturing (> 18.2 ΩM). The quantity of the desorbed RO membrane foulants, in terms of dissolved organic carbon (DOC), varied considerably depending on the type of desorbing agents: 0.1 N NaCl (65.12 mgC m −2 ) > 0.1 N NaOH (46.14 mgC m −2 ) > deionized water (25.39 mgC m −2 ) > 0.1 N HCl (15.95 mgC m −2 ). The high cleaning efficiency of the salt solution (0.1 N NaCl) was attributed to the efficient desorption of hydrophilic DOM foulants from the RO membrane surfaces. These results demonstrate that the salt cleaning may provide a promising option to recover the performance of the RO membranes fouled primarily by hydrophilic DOM fractions.
Introduction
During recent decades, the demand for ultrapure water (UPW) has risen continuously in a variety of industrial applications, such as power generation, pharmaceutical formulations, and semiconductor manufacturing [1] . The use of UPW is essential for improving energy efficiencies of power generation plants and boiler facilities which produce a huge amount of steam [2, 3] . In addition, UPW is considered a key determinant of the quality and performance of high value-added industrial products, including pharmaceuticals and semiconductors, which require a high degree of accuracy in manufacturing processes [4] . Therefore, UPW production has received considerable attention as an emerging water market throughout the world. Global Water Intelligence (GWI) reported that UPW accounted for approximately 20% of the world water market in 2011, and is anticipated to increase to 4 billion dollars by 2025, which is equivalent to the proportion of seawater desalination in the world water market [4] .
The production of UPW aims to remove all types of contaminants, including suspended solids, salt ions, organic and inorganic materials, particulate and colloidal matters, bacteria, dissolved gases (i.e., CO 2 and O 2 ), and trace ions, leaving only water molecules [1] . However, the required degree of purity of UPW varies considerably depending on its specific uses. For UPW used as cooling water, it is important to eliminate potentially corrosive substances and scale-forming materials from source water, as deposits via chemical precipitation promote corrosion and/or scaling on the surfaces of water from a drinking water treatment plant (DWTP, Ulju-gun, Ulsan, Republic of Korea) was filtered using an MFC filter with a nominal pore size of 0.5 μm (SP32410, SpectraPure, Tempe, AZ, USA). This was operated in 'dead-end mode' (recovery rate = 97%) and further treated by two serially connected spiral-wound thin-film composite polyamide RO membrane modules (recovery rate = 15%; effective surface area of each module = 0.4 m 2 ) with a nominal pore size < 0.005 μm (RE-1812-50, Toray Chemical Korea, Republic of Korea). There is the IER filters process after RO membrane process in the UPW production system. Therefore, we operated RO membrane process with a relatively low rejection for the long-term operation.
The physicochemical characteristics of the MFC filter and the RO membrane are summarized in Table 1 . The RO permeate was polished with two serially connected IER filters (Dowex Monosphere MR-450 UPW, Dow Chemical, Midland, MI, USA). Each IER filter had the H + exchange capacity of 1.9 eq L -1 and the OHexchange capacity of 1.0 eq L -1 ( Table 1 ). The specifications of the IER filter are provided in Table 2 . The physicochemical characteristics of the MFC filter and the RO membrane are summarized in Table 1 . The RO permeate was polished with two serially connected IER filters (Dowex Monosphere MR-450 UPW, Dow Chemical, Midland, MI, USA). Each IER filter had the H + exchange capacity of 1.9 eq L −1 and the OH − exchange capacity of 1.0 eq L −1 ( Table 1 ). The specifications of the IER filter are provided in Table 2 . 
Preparation of Water and Foulant Samples

Water Samples
Four different water samples were obtained from the tested lab-scale UPW production system to investigate the removal of organic, inorganic materials, and ionic species and variations in physicochemical properties of DOM in feed and treated waters: (i) The tap water from the DWTP (feed), (ii) the permeate of the MFC filter (MFC permeate), (iii) the permeate of the RO membranes (RO permeate), and (iv) the permeate of the IER filters (IER permeate). All water samples were pre-filtered using 0.45 µm mixed cellulose ester membrane filters (Millipore, Bedford, MA, USA) prior to analyses.
Foulant Samples
Foulants were extracted from the fouled RO membranes after 3-years operation using four different desorbing agents: (i) DI water (RO-DI), (ii) an acid (0.1 N HCl) solution (RO-A), (iii) a base (0.1 N NaOH) solution (RO-B), and (iv) a salt (0.1 N NaCl) solution (RO-S). Four coupons of the fouled RO membranes (effective surface area of each coupon = 0.04 m 2 ) collected from the first stage of the RO membrane modules were soaked in 500 mL of each desorbing solution for 10 hours under moderate stirring conditions (150 rpm). The pH of the foulant samples extracted using acid and base solutions was maintained at approximately 6.5 by the addition of NaOH and HCl. All foulant samples were pre-filtered using 0.45 µm mixed cellulose ester membrane filters.
Virgin, Fouled, and Cleaned RO Membranes
The virgin RO membranes were rinsed several times using DI water and soaked in DI water overnight to remove membrane-coating materials (i.e., humectants) from membrane surfaces. The soaked, fouled, and cleaned RO membranes using DI water (cleaned RO-DI), acid (cleaned RO-A), base (cleaned RO-B), and salt (cleaned RO-S) solutions were dried in a desiccator overnight. Their surface characteristics and performance were analyzed to investigate effects of DOM properties on fouling formation of the RO membranes.
Lab-Scale Cross-Flow RO Filtration Unit
The performance of the virgin, fouled, and cleaned RO membranes (i.e., permeate flux and salt rejection) were investigated with a lab-scale cross-flow RO filtration unit using 0.1 M NaCl solution. This unit was comprised of a flat-sheet filtration cell (effective surface area = 96 cm 2 ; channel height = 0.04 cm), a high-pressure pump (CAT pumps, model 1050 10 GPM 2200, Minneapolis, MN, USA), and a feed water reservoir. Prior to all filtration tests, the RO filtration unit was stabilized for 2 hours using DI water. The RO filtration unit was operated in re-circulation mode at 20 ± 1 • C. During filtration tests, feed water pressure was maintained at 1000 kPa with a cross-flow velocity of 8.68 cm sec −1 . The rejection rates of NaCl by the RO membranes and their permeate fluxes were calculated using the following equations:
C f and C p are NaCl concentrations in the feed and permeate water, Q is the permeate flow (L h −1 ), and A is the membrane surface area (m 2 ).
Analytical Methods
Dissolved organic carbon (DOC) and total nitrogen (TN) concentrations in water and foulant samples were measured using a total organic carbon analyzer (TOC-V CPH , Shimadzu, Kyoto, Japan) equipped with a TN analyzer (TNM-1, Shimadzu, Kyoto, Japan). The aromatic carbon contents of DOM were evaluated using a UV/Vis spectrometer (UV-1601, Shimadzu, Kyoto, Japan) with a 1 cm quartz cell (Hellma, Mülheim, Germany) at UV absorbance at 254 nm (UVA 254 ); specific UV absorbance (SUVA) values were determined as the ratio of UVA 254 to DOC concentration. Concentrations of inorganic materials in water and foulants samples were quantified using an inductively coupled plasma-optical emission spectrophotometer (700-ES, Varian, Walnut Creek, CA, USA).
The three-dimensional fluorescence excitation-emission matrix (3D FEEM) and molecular weight (MW) distributions of DOM were confirmed using fluorescence spectroscopy (RF-5301, Shimadzu, Kyoto, Japan), high-performance size-exclusion chromatography (HPSEC) equipped with a Protein-Pak 125 column (Waters, Milford, MA, USA), with fluorescence detection at excitation (Ex) wavelength 278 nm and emission (Em) wavelength 353 nm (RF-10AXL; Shimadzu, Kyoto, Japan) and UV detection at 254 nm (SPD-10AVP; Shimadzu, Kyoto, Japan), and phosphate buffer(96 mM NaCl + 2.4 mM NaH 2 PO 4 + 1.6 mM Na 2 HPO 4 , ionic strength 0.1 M, pH 6.8), with a flow rate of 0.7 mL min −1 and an injection volume of 200 µL [18, 19] . An electrophoretic light scattering spectrophotometer (ELSZ-2000, Otsuka Electronics, Osaka, Japan) and a goniometer (Phoenix Multi/Tilting, SEO, Gyeonggi-do, Korea) were applied to identify differences in surface zeta potential and contact angle of the virgin, fouled, and cleaned RO membranes. Prior to analyze surface feature, the virgin, fouled and cleaned RO membranes were soaked with DI water for overnight and were dried in a vacuum desiccator for 48 hours. Functional group compositions of the virgin and fouled RO membranes were analyzed using attenuated total reflection-Fourier transform infrared (ATR-FTIR) spectroscopy (Vertex70, Bruker, MA, USA), utilizing a ZnSe crystal at an incident angle of 45 • over a scanning wavelength of 750-1750 cm −1 with a resolution of 0.4 cm −1 [20, 21] .
Results and Discussions
Water Quality Analyses
Bulk water quality parameters (i.e., pH and conductivity), amounts and nature of DOM (i.e., DOC, TN, UVA 254 , and SUVA), presence and concentrations of ionic species, and metals and metalloids in the feed and treated waters were identified to assess the performance of the tested UPW system ( Table 3 ). The RO membranes were effective in reducing conductivity and DOC, TN, and UVA 254 concentrations; the polishing stage using IER filters resulted in ultra-trace levels of all these parameters (conductivity = 0.55 µS cm −1 ; DOC = 0.07 mg L −1 ; UVA 254 = 0.001 cm −1 ; TN = 0.05 mg N L −1 ). Similar to conductivity and DOM, most ionic species, metals, and metalloids in feed water were hardly removed using the MFC filter. However, there were significant decreases in these parameters after the RO membranes, and almost complete removal of conductivity, DOC, TN, and UVA 254 from the RO permeate by the use of IER filters. Consequently, the achieved purity degree of UPW satisfied the electrical resistivity of the IER permeate (> 18.2 ΩM) at room temperature (~20 • C) that is required for semiconductor manufacturing [1] . Table 3 . Characteristics of feed and treated waters in the UPW production system (n = 3). 
Header
Conditions
0.02 (±0.01) 0.00 (±0.00) 0.00 (±0.00) 0.00 (±0.00) Cr (µg L −1 ) 0.14 (±0.06) 0.00 (±0.00) 0.00 (±0.00) 0.00 (±0.00)
L. a n = 2. B.D.L.: below the detection limit.
Characterization of DOM
The 3D FEEM of DOM in feed and treated waters are illustrated in Figure 2 . Two pairs of humic-like fluorophores were detected for the feed water at excitation wavelength (Ex) = 250 nm/emission wavelength (Em) = 430 nm (Feed I; the maximum intensity = 60 mV) and Ex = 300 nm/Em = 400 nm (Feed II; the maximum intensity = 60 mV) [22] . Despite the considerable decrease in DOC concentration, the intensities of humic-like fluorophores were slightly lower after treatment with the MFC filter (the maximum intensity of MFC permeate I at Ex = 250 nm/Em = 430 nm = 50 mV; the maximum intensity of MFC permeate II at Ex = 300 nm/Em = 400 nm = 50 mV). In addition, distinctive humic-like fluorophores were not observed for the RO and IER permeates due to the almost complete removal of DOM (DOC of RO permeate = 0.09 mgC L −1 ; DOC of IER permeate = 0.07 mgC L −1 ). These results were in good agreement with the abatement trend of SUVA values through the UPW production system.
The MW distributions of aromatic and protein-like substances in DOM of feed and treated waters are presented in Figure 3 [23] . The aromatic substances of DOM in feed water contained either low (960-1780 daltons (Da)) or high MW fractions (31,290 Da), with the highest peak at 960 Da (Figure 3a ). After passing through the MFC filter, the high MW fraction was completely removed and the UVA intensities of the low MW fractions were substantially decreased. A low MW fraction was found only for the RO permeate at 1220 Da, and its UVA intensity was mostly eliminated after the IER filters. Protein-like substances of DOM in feed water ranged from 150 Da to 48,640 Da, with the highest peak at 6660 Da (Figure 3b ). Most MW fractions were effectively removed by the MFC filter, with the exception of the peak at 150 Da. No distinctive peaks were detected for the fluorescence chromatograms of RO and IER permeates. Although the fluorescence detection had higher sensitivity compared to the UVA detection, fluorescence intensities of DOM (the maximum intensity = 3423 mV) were much lower than UVA intensities (the maximum intensity = 6740 mV) [24, 25] . Based on these observations, it could be postulated that DOM in feed water is dominantly composed of hydrophobic components. 
Characterization of the RO Membrane Foulants
Organic and Inorganic Contents
The composition of desorbed foulants from the RO membranes utilized in the UPW production system is listed in Table 4 . The salt solution (0.1 N NaCl) was more effective than DI water, acid (0. This shows that the reduced the electrostatic interaction of charged membrane surface and NOM, leading to double layer compaction and charge screening due to structural variations in crosslinked fouling gel layers during exposure of the RO membrane surfaces to the salt solution may lead to the desorption of hydrophilic organic foulants [26] . Furthermore, some fraction of neutrals foulants can be easily desorbed by decreased hydrophobic/hydrophilic interaction with infiltrating sodium and chlorides ions into Stern layer [27] [28] [29] .
In general, membrane fouling can be categorized into two groups according to the adhesion strength of foulants to membrane surfaces: (i) Irreversible fouling (i.e., desorbable using chemical cleaning) and (ii) reversible fouling (i.e., desorbable using hydraulically cleaning) [23] . The sum of DOC of the desorbed RO membrane foulants using acid, base, and salt solutions was defined as irreversible membrane fouling, and the DOC of the desorbed foulants using DI water was defined as reversible membrane fouling. It is therefore evident that irreversible membrane fouling may govern fouling behavior and characteristics of the RO membranes used in UPW production systems.
The quantity of desorbed metals and metalloids from the RO membranes was highly variable depending on the type of desorbing agents. Furthermore, despite the relatively lower DOC concentration of RO-B (46.14 mgC m -2 ) compared to RO-S (65.12 mgC m -2 ), RO-B had higher Al, Ca, and Fe concentrations than RO-S, as most multivalent ions had a greater potential to form complexes with hydrophobic DOM components [25, 30] . This observation was strongly supported by the relatively higher SUVA value of desorbed foulants from RO-B compared to that of RO-S. Previous studies have demonstrated that accumulation of complexes with multivalent ions and hydrophobic DOM components onto membrane surfaces can intensify the formation of organic fouling in the RO membrane processes [31] . 
Characterization of the RO Membrane Foulants
Organic and Inorganic Contents
The composition of desorbed foulants from the RO membranes utilized in the UPW production system is listed in Table 4 . The salt solution (0.1 N NaCl) was more effective than DI water, acid (0. This shows that the reduced the electrostatic interaction of charged membrane surface and NOM, leading to double layer compaction and charge screening due to structural variations in cross-linked fouling gel layers during exposure of the RO membrane surfaces to the salt solution may lead to the desorption of hydrophilic organic foulants [26] . Furthermore, some fraction of neutrals foulants can Water 2019, 11, 1116 9 of 15 be easily desorbed by decreased hydrophobic/hydrophilic interaction with infiltrating sodium and chlorides ions into Stern layer [27] [28] [29] .
The quantity of desorbed metals and metalloids from the RO membranes was highly variable depending on the type of desorbing agents. Furthermore, despite the relatively lower DOC concentration of RO-B (46.14 mgC m −2 ) compared to RO-S (65.12 mgC m −2 ), RO-B had higher Al, Ca, and Fe concentrations than RO-S, as most multivalent ions had a greater potential to form complexes with hydrophobic DOM components [25, 30] . This observation was strongly supported by the relatively higher SUVA value of desorbed foulants from RO-B compared to that of RO-S. Previous studies have demonstrated that accumulation of complexes with multivalent ions and hydrophobic DOM components onto membrane surfaces can intensify the formation of organic fouling in the RO membrane processes [31] .
Fluorescence Spectroscopy
The fluorescence spectral properties of desorbed foulants from the RO membranes are depicted in 
HPSEC Analysis
The MW distributions of the desorbed RO membrane foulants using DI water, acid, base, and salt solutions, in terms of aromatic and protein-like substances, are shown in Figure 5 . There were no prominent MW peaks for aromatic substances in RO-A and RO-S (Figure 5a ). Even though aromatic substances of RO-B included both low (930 Da) and high MW fractions (13,500 Da and 26,800 Da), UVA intensities of high MW fractions (the maximum intensity at 13,500 Da = 1,806 mV; the maximum intensity at 26,800 Da = 2,018 mV) were negligible compared to that of low MW fractions the (maximum intensity at 930 Da = 41,787 mV). In addition, a relatively weak peak was observed for aromatic substances of RO-DI at 640 Da (the maximum intensity = 6802 mV). The MW distribution patterns of the protein-like substances (Figure 5b ) differed considerably from those of the aromatic substances (Figure 5a ), due to significant differences in the major foulant components according to the type of desorbing agent used. No distinctive MW peaks were observed for protein-like substances of RO-A and RO-B. However, the MW distribution of the protein-like substances in RO-S ranged from 1,530 Da to 15,700 Da, with the highest peak at 9620 Da (the maximum intensity = 15,043 mV); RO-DI exhibited a very weak fluorescence peak at 850 Da (the maximum intensity = 3,398 mV). The 
The MW distributions of the desorbed RO membrane foulants using DI water, acid, base, and salt solutions, in terms of aromatic and protein-like substances, are shown in Figure 5 . There were no prominent MW peaks for aromatic substances in RO-A and RO-S (Figure 5a ). Even though aromatic substances of RO-B included both low (930 Da) and high MW fractions (13,500 Da and 26,800 Da), UVA intensities of high MW fractions (the maximum intensity at 13,500 Da = 1,806 mV; the maximum intensity at 26,800 Da = 2018 mV) were negligible compared to that of low MW fractions the (maximum intensity at 930 Da = 41,787 mV). In addition, a relatively weak peak was observed for aromatic substances of RO-DI at 640 Da (the maximum intensity = 6802 mV). The MW distribution patterns of the protein-like substances (Figure 5b ) differed considerably from those of the aromatic substances (Figure 5a ), due to significant differences in the major foulant components according to the type of desorbing agent used. No distinctive MW peaks were observed for protein-like substances of RO-A and RO-B. However, the MW distribution of the protein-like substances in RO-S ranged from 1530 Da to 15,700 Da, with the highest peak at 9620 Da (the maximum intensity = 15,043 mV); RO-DI exhibited a very weak fluorescence peak at 850 Da (the maximum intensity = 3398 mV). The absence of prominent UVA peaks and the relatively higher intensities of fluorescence peaks in RO-S clearly showed that RO-S is predominantly comprised of hydrophilic DOM components (i.e., polysaccharide-like and protein-like substances). absence of prominent UVA peaks and the relatively higher intensities of fluorescence peaks in RO-S clearly showed that RO-S is predominantly comprised of hydrophilic DOM components (i.e., polysaccharide-like and protein-like substances). 
Molecular weight
ATR-FTIR Spectroscopy
The ATR-FTIR spectra of the virgin and fouled RO membranes are exhibited in Figure S1 , Supplementary information (SI). The identical ATR-FTIR spectra were detected for the virgin and fouled RO membranes. However, the intensities of the IR peaks related to amide functional groups originating from the microbial cell lysis, and alcohol functional groups derived from cell wall polysaccharides of microorganisms, differed considerably from each other [19, 23] . After formation of fouling layers onto the RO membrane surfaces, intensities of IR peaks associated with N-H stretching of amides (1700-1630 cm -1 , 1630-1595 cm -1 , and 1430-1410 cm -1 ), the CNH band of secondary amides (1570-1515 cm -1 ), the OH band of alcohols (1350-1260 cm -1 ), the C-O stretching of alcohols (1075-1000 cm -1 ), and -CH band of aldehydes (975-780 cm -1 ) were substantially decreased. Conversely, the intensities of IR peaks indicative of the N-H stretching of amides (1590-1570 cm -1 , 1610-1500 cm -1 , and 850-750 cm -1 ), the C-O stretching of carboxylic acids (1250-1050 cm -1 ), and the C-O stretching of alcohols (1210-1100 cm -1 ) were significantly increased [20, 32] . This may be attributed to deposition of either hydrophobic (i.e., humic-like substances) or hydrophilic DOM components (i.e., polysaccharide-like and protein-like substances) from feed water onto the RO membrane surfaces during operation of the UPW production system. 
The ATR-FTIR spectra of the virgin and fouled RO membranes are exhibited in Figure S1 , Supplementary information (SI). The identical ATR-FTIR spectra were detected for the virgin and fouled RO membranes. However, the intensities of the IR peaks related to amide functional groups originating from the microbial cell lysis, and alcohol functional groups derived from cell wall polysaccharides of microorganisms, differed considerably from each other [19, 23] . After formation of fouling layers onto the RO membrane surfaces, intensities of IR peaks associated with N-H stretching of amides (1700-1630 cm −1 , 1630-1595 cm −1 , and 1430-1410 cm −1 ), the CNH band of secondary amides (1570-1515 cm −1 ), the OH band of alcohols (1350-1260 cm −1 ), the C-O stretching of alcohols (1075-1000 cm −1 ), and -CH band of aldehydes (975-780 cm −1 ) were substantially decreased. Conversely, the intensities of IR peaks indicative of the N-H stretching of amides (1590-1570 cm −1 , 1610-1500 cm −1 , and 850-750 cm −1 ), the C-O stretching of carboxylic acids (1250-1050 cm −1 ), and the C-O stretching of alcohols (1210-1100 cm −1 ) were significantly increased [20, 32] . This may be attributed to deposition of either hydrophobic (i.e., humic-like substances) or hydrophilic DOM components (i.e., polysaccharide-like and protein-like substances) from feed water onto the RO membrane surfaces during operation of the UPW production system.
Surface Features of Virgin, Fouled and Cleaned RO Membranes
The physicochemical characteristics of the virgin, fouled, and cleaned RO membrane surfaces are summarized in Table 5 . After formation of fouling layers on membrane surfaces, the negative surface zeta potential of the virgin RO membranes was considerably decreased (virgin RO membrane = -27.4 mV; fouled RO membrane = 1.7 mV), whereas the contact angle was slightly increased (virgin RO membrane = 58.3 • ; fouled RO membrane = 65.1 • ). Decreases in the negative surface zeta potential and increases in the surface hydrophobicity of the fouled RO membrane can be explained by the adsorption of hydrophobic and hydrophilic DOM components onto the RO membrane surfaces [23, 30] . All desrobing agents were effective in recovering the negative surface zeta potential and the surface hydrophobicity of the RO membranes, however, their recovery rates were strongly influenced by the type of cleaning agent used. The recovery rates of the negative surface zeta potential on the fouled RO membranes were in the order of cleaned RO-S (-24. 
Effects of Cleaning Agent Types on the Recovery of Salt Rejection and Permeate Flux
The salt rejection (NaCl = 0.1 M) and permeate flux (feed: DI water) of the virgin, fouled, and cleaned RO membranes under controlled conditions (feed water pressure = 1000 KPa; cross-flow velocity = 8.68 cm sec −1 ; effective surface area = 96 cm 2 ; channel height = 0.04 cm; temperature = 20 ± 0.7 • C) are compared in Figure 6 . The fouled RO membranes exhibited a much lower permeate flux (1.2 L m −2 hr −1 ) than the virgin RO membrane (6.5 L m −2 hr −1 ) due to formation of membrane foulants.
Moreover, a significant decrease was observed for the salt rejection rate of the fouled RO membranes (88.2%) compared to the virgin RO membranes (97.5%). There may be two possible reasons; i) The interaction between concentration polarization and formed cake layer is highly depending on the intrinsic properties of the formed cake layer (e.g., porosity, thickness). The formed cake layer can cause cake-enhanced concentration polarized which cause increasement of salt passage through the RO membranes [33] . ii) The increased salt concentrations at the RO membrane surfaces (due to the hindered back diffusion of salts from the RO membrane surfaces by forming colloidal cake layers on those surfaces) can increase the passage of salts through the RO membranes [34] . flux = 4.1 L m -2 hr -1 ) < cleaned RO-B (permeate flux = 4.8 L m -2 hr -1 ) < cleaned RO-S (permeate flux = 5.3 L m -2 hr -1 ), which is consistent with the recovery rates of the negative surface zeta potential and the contact angle with the exception of RO-A. This is because that acid cleaning is more effective for desorbing inorganic foulants than organic foulants. The recovery rates of surface features more influenced by the amount of desorbed organic foulants on membranes surface [21, 23, 25, 30] . Therefore, permeate flux recovery rate of RO-A can be higher than that of RO-DI, even though the surface features recovery of RO-A is lower than that of RO-DI. These observations suggest that salt cleaning can efficiently recover the salt rejection and the permeate flux of the RO membranes used for UPW production [26] . 
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Conclusions
Fouling behaviors of the RO membranes and effects of desorbing agents (i.e., DI water, acid, base, and salt solutions) on the fouled RO membranes were identified through membrane autopsies and characterization of DOM and desorbed membrane foulants to provide deeper insights into the UPW production systems. The salt solution more effectively extracted organic foulants from the RO membrane surfaces (DOC = 65.12 mgC m -2 ) compared to DI water (DOC = 25.39 mgC m -2 ), acid (DOC = 15.95 mgC m -2 ), and base (DOC = 46.14 mgC m -2 ) solutions. This was attributed to the efficient desorption of hydrophilic organic foulants through structural changes in the cross-linked gel layers during exposure of the RO membrane surfaces to the salt solution. Consequently, the highest All the applied desorbing agents were effective in recovering salt rejection and permeate flux. However, the recovery rates varied markedly according to the types of desorbing agents. The recovery rates of the salt rejection through the cleaning using DI water, acid, base, and salt solutions were in the order of cleaned RO-DI (salt rejection = 90.1%) > cleaned RO-A (salt rejection = 92.1%) > cleaned RO-S (salt rejection = 94.8%) > cleaned RO-B (salt rejection = 95.0%). Although cleaned RO-B showed a slightly better salt rejection than cleaned RO-S, the differences were negligible (< 0.2%). Unlike recovery rates of salt rejection, recovery rates of permeate flux were strongly associated with the amount of desorbed organic foulants from the RO membrane surfaces (DOC of RO-DI = 25.39 mgC m −2 ; DOC of RO-A = 15.95 mgC m −2 ; DOC of RO-B = 46.14 mgC m −2 ; DOC of RO-S = 65.12 mgC m −2 ). The recovery rates of the permeate flux through the cleaning using DI water, acid, base, and salt solutions were in the order of cleaned RO-DI (permeate flux = 3.6 L m −2 hr −1 ) < cleaned RO-A (permeate flux = 4.1 L m −2 hr −1 ) < cleaned RO-B (permeate flux = 4.8 L m −2 hr −1 ) < cleaned RO-S (permeate flux = 5.3 L m −2 hr −1 ), which is consistent with the recovery rates of the negative surface zeta potential and the contact angle with the exception of RO-A. This is because that acid cleaning is more effective for desorbing inorganic foulants than organic foulants. The recovery rates of surface features more influenced by the amount of desorbed organic foulants on membranes surface [21, 23, 25, 30] . Therefore, permeate flux recovery rate of RO-A can be higher than that of RO-DI, even though the surface features recovery of RO-A is lower than that of RO-DI. These observations suggest that salt cleaning can efficiently recover the salt rejection and the permeate flux of the RO membranes used for UPW production [26] .
Fouling behaviors of the RO membranes and effects of desorbing agents (i.e., DI water, acid, base, and salt solutions) on the fouled RO membranes were identified through membrane autopsies and characterization of DOM and desorbed membrane foulants to provide deeper insights into the UPW production systems. The salt solution more effectively extracted organic foulants from the RO membrane surfaces (DOC = 65.12 mgC m −2 ) compared to DI water (DOC = 25.39 mgC m −2 ), acid (DOC = 15.95 mgC m −2 ), and base (DOC = 46.14 mgC m −2 ) solutions. This was attributed to the efficient desorption of hydrophilic organic foulants through structural changes in the cross-linked gel layers during exposure of the RO membrane surfaces to the salt solution. Consequently, the highest negative surface zeta potential (-24.6 mV) and the lowest contact angle (51.3 • ) were observed for the cleaned RO-S. These results show that recovery of membrane surface features (i.e., surface zeta potential and contact angle) was directly correlated to the amount of desorbed organic foulants from the RO membrane surfaces. Although the salt rejection of cleaned RO-S (94.8%) was slightly lower than that of cleaned RO-B (95.0%), cleaned RO-S exhibited a much higher permeate flux (5.3 L m −2 hr −1 ) compared to cleaned RO-B (4.8 L m −2 hr −1 ). These observations show that salt cleaning is a promising option to recover the salt rejection and the permeate flux of the RO membranes fouled dominantly by hydrophilic DOM fractions and used for UPW production. Furthermore, the in-depth mechanism of salt cleaning for fouled membrane and its implication for water treatment process based on membrane technology can be further extended.
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